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FOREWORD

This interim technlcal report was prepared by the Aero-
dynamic Laboratory of The Ohlo State Unilversity, Ceclumbus,
Ohio, for the Aerospace Research Laboratories, Office of Aero-
space Research, United States Alr Force, under Contract
AF 33(657)-8106. The work reported herein was performed under
Task 706501 entitled "Fluid Dynamics Facilities Research" of
Project 7065 entitled "Aerospace Simulation Techniques Research".
Technical monitor for the contractual period January 15, 1962

to March 15, 1964, was Mr. Emil Walk of the Hypersonic Facilities
Laboratory of ARL.
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ABSTRAC

The ARL 30" Hypersonic Wind Tunnel 1s a large blow-down
facllity that uses a methane-oxygen fired zirconia pebble bed
to heat the ailr prior to expanslion to flow Mach numbers rang-
in% from 16 to 22 at free stream Reynolds numbers approaching
105/ft. This report describes the components of the facility,
discusses the operation of the tunnel, and presents calibratlons
of two conlecal nozzles, developing approximately M = 16.5 and
M = 18.5. The performances of the heater, diffuser and vacuum
system are evaluated and the operational experiences galned
durlng the initial operating perlod are reviewed.

To ald in planning test programs for the facllity, an
appendix 1s included that detalls the perf'ormance of the facll-
1ty, including the wind tunnel performance wlth a planned ex-
panslion of the vacuum station.
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I. INTRODUCTION ‘ \\
| \

At the Aerospace Research Laboratorlies of the Office of Aero-
space Research, USAF, experimental facllitles are being developed
to explore the fluld dynamic phenomena of very high speed flight.
The hypersonic wind tunnel facllitles of this laboratory have re-
celved considerable attention during the past several years: A
three-inch continuous flow wind tunnel has been operational for
more than four yearsl; recently it has dellvered flows with a
Mach number of 17. A twenty-inch, intermigtgnt operating
facility, has been in use since late 1961,cs3 delivering flows
in -the range of Mach numbers from 12 to 1&. Both facilitles
operage at moderate free stream Reynolds numbers -- on the order
of 105/ft -- and use an electric resistance type of heater
capable of maximum wire temperatures of 29000R.

The most recent hypersonic installation at the Aerospace
Research Laboratory is the Thirty-Inch Hypersonic Wind Tunnel
(30" HWT), shown in Figure 1. This facility is designed to
deliver flows wlth Mach ngmbers from 16 to 22 and with Reynolds
numbers from 10%/ft to 10°/ft at air stagnation temperatures
near 4400°R. To accomplish this task, and to overcome the
problems whicirhamper development of high Mach number flow re-
quires a highly sophisticated installation. A 3000 psia high
pressure alr station and a 35000 £t3 vacuum\sphere coupled to
a 3-stage vacuum pumping station provide the pressure ratio
necessary to establish isentroplc flow. A gas fired zirconia
pebble bed storage heater lncreases the stagnatlon temperature
of the air to values sufficient to avold liquefaction effects.
Axisymmetric nozzles of 30" exit diameter are fitted to the
tunnel to allow models of relatively large size to be tested,
even after a sizable boundary layer growth. These basic com-
ponents provide a wide test capability, and the 30" HWT should
prove a valuab _.e addition to the experimental hypersonic re-
search equipment of the laboratory.

It is the purpose of this report to describe the ARL 30"
HWT, to discuss 1ts operation, and to present the results of
the 1nitial calibration program. The operational experience
gained in this shakedown perliod 1is also set down. In order
that the report may be used to plan test programs in the facil-
ity, pertinent parameters, e.g. run times, evacuation rates,
heating rates, ete., are included in an Appendix.

A general description and discussion of the operation of
the facllity follow these introductory remarks. The performance
of the individual components of the tunnel are then examined
and the experiences of the first year of operation are reviewed.

|

Manuscript released October 1963 byauthors&for publication as
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II. DESCRIPTION AND OPERQTION

GENERAL DESCRIPTION \\\\
Classification and Simulation Capability

The ARL 30" HWT, shown schematically in Figure 2 is a
free-Jet facllity that 1s operated in a blow-down fashion, using
30" exit diameter, axisymmetric nozzles to generate very high
Mach number air flows. As indicated in the schematic, many
components are required to develop thils hypersonic stream; this
section will describe these components and discuss the operation
of the facility.

Before considering the individual components in detaill, it
i1s desirable to note the simulation capablility of the complete
installation. Figure 3 presents the Mach number and Reynolds
number range covered by the ARL 30" HWT. The maximum Reynolds
number, at a given Mach number, 1s determined by the highest
avallable stagnation pressure and the lowest temperature which
will avold the adverse effects of alr condensation. The dotted
line designated "saturation, Py = 3000 psia" 1s a limit imposed
by the equilibrlum vapor pressure of a nitrogen-oxygen mixture
at very low static pressures and temperatures. Because the
properties of air are not well known under these extreme con-
ditions, a semi-empirical method, the detplls of which will be
treated in & later section, was used to approximate the satur-
ation conditions of the air. The solid upper bound 1s an empir-
ical limit based on the observed onset of condensatipn phenomena
in several hypersonic wind tunnels about the count .

The lowest possitle Reynolds number,vEgain at a given Mach
number, is e tablished by the minimum allowable stagnation
pressure and the maximum obtalnable stagnation temperature. A
conservative estimate of these two parameters is a \stagnation
pressure corresponding to an impact pressure of 10 Hg and a
stagnation temperature of U4OO0OR; these conditions provide the
lower bound shown. - ,

High Pressure Alr Station

“”““Tﬁgfﬁigh pressure system of the facility consists of
three components: an alr compressor, a drying system and a
bottle storage farm. Alr 1s inducted fqom the atmosphere by a
Chicago-Pneumatic pump rated at 400 sefm with 2 maximum pressure
of 3000 psig, processed by Kemp silica-gel dryers which lower
the dew-point to below -60°F, and then stored in high pressure
bottles of 1400 ft3 volume at pressures up to 3000 psig for use
a8 needed.

I e



Alr Heater

The heater for the 30" HWT is a gas fired, pebble bed,
regenerative type storage heater. A schematic of the heater is
shown in Figure U4; the burner and igniter assemblies are shown
in Figure 5. As shown in the drawing, the steel pressure vessel,
rated at 3500 psia, is lined with several layers and types of
insulation. The pebble bed, made up of 7/8" diameter pebbles of
several varieties of refractory materials is 12 1/2 foot deep.

It 1s supported by a stalnless steel grate. In operation, the
bed is heated from the top by a burner which uses methane,
oxygen and air combustion.

As the different levels of the bed are exposed to a wlde
range of temperature and mechanlcal stresses, the proper selection
of ceramics for the different levels 1s quite important. 1In the
upper portion of the heater two types of zirconia are used --
partially stabilized zirconla and cublec zirconlia. The partially
stabilized form contains a small percentage of lime (Ca0) which
tends to reduce the inversion in the thermal expansion co-
efflicient exgerienoed bg unstabllized zirconla at temperatures
between 2000°R and 2700“R. Cublc zlrconla has crystal structure
which does not exhibit this inversion characteristic of the ex-
pansion coefficient; however, it is more sensitive to thermal
shock than the partially stabilized zirconia as ht possesses a
larger coefflcient of expansion, Because of thige characteristics,
partially stabilized zirconia 1s used at the ve top of the bed
and in the surrounding insulation, where extreme\thermal shock
is encountered. At a lower level 1n the bed, where the refrac-
tories are not subjected to severe thermal shock, cuble zirconia

is used. : -

In the lowest portions of the bed, the.pebbles and insula-
tion are of alumina; this material has a greater load carrying
ability and is—mo——> €conomical than zirconia. As alumina and .
zirconla are not compatible above 25C0CR, a buffer layer of
magnesia separates the alumina from the zlrconia. Experience
has shown that zirconla and magnesia do not react at temperatures
near 3000°R - the design temperature of the bed at this level,

On the side of the heater vessel near the top of the bed,
as shown in Figure 4, a viewport is built into the vessel so
that it 1s possible to see the top of the bed at all times.
This viewport allows the temperature of the top of the bed to
be monitored with an optical pyrcmeter.

Nozzles

The facllity 1s presently equipped with a conical
nozzle of dimensions shown in Figure g. Beryllium copper and
Zirconla~copper~MozZzZle throat sections are fitted to a steel
nozzle; the throats may be changed as desired, providing a

\
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range of Mach numbers between 16 ‘and 22. [ Three nozzle throats .-r
have been fabricated and a fourth is to be bullt. The diameters .’
of the throat sections and the nominal Mach number delivered '
(based on an estimated boundary layer growth) are:

Dia. in inches NominaﬂAMach No.

\
0.293 16
0.195 - 18 \
0.145 20 5
0.100 . 22

The 0.195 nozzle throat was the first installed in the wind
tunnel and will henceforth be termed Throat No. 1; the 0,293
throat-was next installed and will be designated Throat No. 2.

The somewhat novel features of Throats No. 1 and 2 are in-
dicated by the detailed drawings of Figure 7. The thin wall of
the beryllium copper liner 1s required to dissipate the high
heat fluxes to the back slde water coolant. This thin wall is
subjected to high pressure stresses during tunnel operation,
and 1t 1s necessary to provide a high cooling water pressure
(1000 psia) to maintain the structural integrity of the nozzle
liner,

A conical nozzle, rather than a contoured design, was
chosen as the initial nozzle configuration as uncertainties in
calculating boundary layer growth exist in theories at these
extreme Mach numbers. Once the behavior of the boundary layer
in the conical nozzles is ascertained, a contoured nozzle will

_be desigmed.

Tegt Ce .in §

The test cabin is a 5 foot steei\box that forms the
plenum chamber for the free jet of the nozzle. Dimensions of
the test cabln allow adequate provislion for model and instru-
mentatlion storage outside the Jet. The test cabin 1is arranged
as in Figure €, with a free jet equal to the nozzle exit dia-
meter. The side walls are hinged for accessibility and contain
14" dlameter windows for flow visualization apparatus.

Installed in the test cablin and mounted on the left wall
(looking upstream)‘is the model support system. This mechanism
inserts sting-mounted models into the nozzle centerline after
flow has been established and then pitches and rolls the model
according to pre-programmed instructions. The capability of
the system is an angle of attack of -60° to +20° and a pitch

m
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rate of 20/sec; a full 360° of roll is possible at a rate of.
69/se¢. A remotely controlled traversing mechanism for mount
ing impact pressure, angularity, and total temperature probes

1s fastened to the top surface of the cabin, and may be used g
as requlred.

—prTTuser and Aftercooler

The diffuser used in the ARL 30" HWT is of the con-
verging-constant area-dlverging, axis etric configyration
used successfully in several hypersonile facilitiesS . Pertin-
ent dimensions of the diffuser are shown in Figure 6. A water
jacket surrounds the entire diffuser to maintain the diffuser
at low temperatures.

As the diffuser performance critically Influences the
hypersonic tunnel operation, e.g., minimum stagnation pressure
allowable for running and duration of tect runs, its performance
must be evaluated closely. For this purpose the diffuser is
equipped with fourteen statlc pressure taps.

The aftercooler uses axlally-aligned finned tubes to re-
duce the stream temperatures to the order of 100°F, reducing
the volume flow rate to the vacuum station and protecting the
vacuum pumps. The axial flow arrangement 1s a special low
drag deslgn which 1s used to increase the overall pressure re-

- covery efflclency.

The Vacuum Pumplng Station

The station_consists of thirteen sliding vane vacuum
pumps and a 35,000 £t3 vacuum sphere. The vacuum pumps, shown
in Figure 8, are installed in a three stage system -- ten pumps’
pumping irto two pumps which, in turn,.exhaust into a single
vacuum puap. Pumps of the first two stages are Allis Chalmers
type 27D pumps while the third stage pump 1s a smaller type 12S.
Volume flow pumping cagability rises from zero at 0.1 mm Hg
and levels at 24000 ft3/min at 2.0 mm Hg. The pumps are used
to evacuate the sphere and to extend the running time of the
tunnel by accepting a portion of the deiivered mass while the
facllity 1s operating. ~

\

OPERATION OF THE FACILITY \\
Heater Operation

Two distinct modes of operation are used with the
pebble bed heater. The first mode, called the idle mode, pro-
vides_the energy necessary to maintain the top of the bed near
2800°R at all times, including non-working hours. The second

s\
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mode provides the energy to heat the bed to the desired temper-
ature, Just prior to a test. Energy addition for the two modes 7
of heater operation 1s adJusted from the burner control panels ..:
shown in Figure 9. The combustion reactants for the burner are
natural gas from a city gas line, alr supplied by a two stage
rotary blower, and oxygen. The natural gas and the alr or a
comblnation of alr and oxygen are pre-mlxed outside the heater
and then ignited at the end of the burner that protrudec into

the heater. i t &‘

A pre-mix burner is preferred as the eactants are
thoroughly mixed; hence, the combustion of\the mixture 1is
practically completed before the burning gases come in contact
with the heater insulation or the pebbles. In order to ensure
complete burning of the gas before it reac es the heater in-
sulation or pebbles, a stolichiometric mixtu\e plus twenty per-
cent excess oxygen is always regulated into)\the burner. Care
must be used with a pre-mix burner to eliminate the: possibility
of combustion occurring in the mixing chamber outside of the
heater., This premature combustion has not been a préblem with
the present configuration. )

Another type of burner that has. been used with some success
is the type in which the mixing takes place inside the heater
in the flame area. This type doesn't provide as complete.com-
bustion and consequently, the insulation 1s subjected to a
slow reducing process. \

\

The ignition of the flame is accomplished by two different
methods depending on the temperature of the top of the bed.
If the temperature 1s below 2000°R, a 5000 volt DC spark plug
1s inserted through the burner into the heater and when the
combustive mixture 1s properly set up, the plug is energized
and the flame 1s ignited by the open spark. If the top of the
bed 1s above .000°R, automatlc ignition occurs when the com-
bustive mixture 1s Introduced into the heater.

In the idle mode, the top of the bed 1s kept above 2800°R
at all times except for heater and auxiliary equipment repairs.
Thls procedure reduces the number of temperature inversions
experlenced=by-the bed -- the inversion temperature range of

* --partially stabilized zirconla is between 2000°R and 2700°R.
The burner 1s kept on idle settings during off duty hours and
does not have to be checked by an operator. An alarm system
is bullt into the control circuits for the burner and heater.
When a malfunction occurs, the system shuts down the burner
and sets off a signal in a control center that is manned 24
hours a day.

Prior to a tunnel run, the bed temperature 1s increased

6
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\
gradually by adding energy to the bed according to the schedule™
presented 1n Table I. Thils table shows the burner settings,
the duration of each setting and the BTU/hr input for each
setting.

TABLE I
Burner Settings Used for Charging Pebble Bed

Input Input  Input Energy Flame Duration
Heating of of of Input Temper- of Each
Step __A+p— Natural Oxygen Rate ature Step (Minutes)
~-= -~ (SCFM) Gas (SCFM) (BTU/HR) (°R) :

- -

(SCFM)
Idle  36.7  3.20 0 172,006\\\3680 S
1 41.25 446 2,25 240,000 4040 10
2 70.5 7.81 4,02 360,000  4O4O 4o
3 53.6 9.50  11.75 480,000 4h420 40
45 64  11.15  14.00 600,000 4420 120

The heating rate of the bed 1s controlled by four factors:
the energy input, the flame temperature, the position of the ex-
haust valve and the position of the stilling chamber by-pass ‘
valve. With the nozzle throat plugged from the test cabin side,
the combu-tlon gases exit through the exhaust valve and the
stllling chamber by-pass valve; by throttling the combustion
gases with these two valves, the flow of gases and consequently
the heating rate of the bed and the stilling chamber can be
controlled. Normally, the stilling chamber by-pass valve is
left open during the complete heatup cycle so that the stilling
chamber will also heat up to minimize the heat loss of the air
passing through the stilling chamber during a run. The exhaust
valve 1s kept closed during the early stages of the heatup
cycle (and during idling) to protect the stainless steel grate,
It 1s opened during the late stages so \that a large amount of
energy can be driven into the bed Jjust prior to a tunnel run.
The two other factors controlling heating rate are self-explan-
atory; 1l.e., the higher the energy input to the bed, the higher
the storage rate; the higher the flame {emperature, the higher
the temperature of the top portion of t g bed.

- \
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The temperature of the flame 1s controlled by varying the ...s.,
mass flow through the burner for a given natural gas flow. .. Since:i;
the amount of oxygen needed for stolchlometric plus twenty per ::iis
cent excess oxygen for any natural gas setting can be obtained ' ‘3
from elther air or pure 02, it 1s possible to vary the mass flow
and still maintain the proper ratio of oxygen to natural gas.

Of course, the higher the mass flow, the lower the flame temper-
ature and conversely. !

L
. The temperature of the bed is measured by an optical pyro-.
meter. The bed 1s observed through the quartz viewport, and
hence an error in bed temperature may be 1nduced by the quartz
window. Calibration of the pyrometer readings indicates
measurements taken through the viewport are approximately

three per cent lower than the actual bed temperature. It 1is
also important for accurate temperature determination that the
inside surface of the viewport be kept clean. To aild in this
respect, cold alr 1s blown across the inside surface of the
quartz and down the channel to the bed. \This keeps the com-

bustion gases from the quartz surface and prevents the view-
port from steaming up. \

Tunnel Operation x

storage of energy in the pebble bed as described apove. Once
the bed has been heated to the desired temperature' the heater
is made ready for pressurization. The burner is shut down,
removed and replaced with a water cooled plug. The water 1is
started to all the tunnel components that require cooling dur-
ing the run. The nozzle plug is removed from the nozzle and
the test cabin checked and sealed. All of the openings in the
heater-vessel and the stllling chamber are closed. While these
Jobs are being performed, the sphere is pumped down to 0.5 mm Hg
and 1solate” from the vacuum pumps and the tunnel by closing
the sphere valve. The vacuum pumps are then shut down until

pressurization of the heater begins. The tunnel is then ready
for pressurization.

The preparation for a tunnel ruﬁ\begins\gith the

As soon as pressurization is begun (pos= 100 psig), cold
air injection 1s started into the air flowing down the tunnel.
The cold alr mixes wlth the hot air issuing from the heater and
keeps the temperature in the test cabin below 400°F until the
tunnel 1s brought into flow., The cold air injection system is
basically a parallel alr system with the pebble bed acting as
the resistance in one line and the friction of the piping acting
as the resistance in the other line. No attempt has been made
to estimate the alr flow through the two systems from the

~ppessurE‘IEEs through each, but since the temperature of the air

coming out of each line is known approxiwately (about 500°R and
\
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2500°R from the cold line and heater respectively} and the re- 77
sultant mixture temperature is known (about 860°R), it is e
possible to estimate the ratio of cold air to hot air to be
about three to one in terms of mass_flow. This ratio can be
varied by changing the resistance in the cold air line.

\

—The cold air injection method of running the tunnel permits
the operation of the tunnel without any type of shut-off valve
between the pressure vessel and the nozzle throat. Since at
the present time a shut-off valve 1s not available that will
operate satisfactorily at 3000 psia pressure and at temperatures
up to U4O00°R, the cold air injectlion method is the most
efficient way of running the tunnel. The tunnel could be oper-
ated without injecting cold air, but the test cabin components
would be subjected to high temperatures and the heater would
have to be pressurized more rapldly to protect the test cabin
components from a prolonged exposure to the high temperatures.

A rapld heater pressurization risks lifting or floating
the pebbles in the bed. Obviously, this i1s to be avolded as
the pebbles may be blown down the stilling chamber and the
nozzle and/or the pebbles and the insulation may be damaged when
.the b rops back into place. The 30" HWT has a pressure

differential indicator that 1is interlocked to the stagnation
pressure controller to guard agalnst 1ifting the bed. When
the pressure difference from the bottom to the top of the bed
exceeds a preset value, U4 psid, the stagnation pressure control
valve 1s closed automatically, eliminating the possibility of
floating the bed from too rapid pressurization.

With cold alr injection 1n operation, and the stagnation
pressure increasing, the tunnel valve 1s opened and the vacuum
pumps restarted. The statlic pressure in the test cabin is
maintained below one psia during the pressurization by the
vacuum pumrs, greatly reducing the heat input to the tunnel
components. As the deslired pressure level 1s approached to
within 100 psia of the run condition, the cold air injection
1s stopped. The pressure 1s then brought up the last increment
to the run condltion and allowed to become steady. The time
required for this pressurization process 1is about 5 minutes.

Everything is now ready for the run. The tunnel 1s brought
into flow by opening the sphere valve which lowers the down-
stream pressure of the pressure recovery system to the sphere
pressure, The tunnel stays in flow until the sphere pressure
rises to a level insufficlent to support isentropic flow in
the nozzle. The inflow time of the tunnel 1s of the order of
30 seconds. A model 1s 1lnjected into the stream as soon as
the tunnel goes into flow and, if possible, ejected before the
tunnel drops out of flow. This procedure|/ protects the model

9
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from the large loads imposed by the sta%ting and unstarting
shocks and from the hligh statlc temperature of the subsonic
flow when the tunnel is not in flow.' ) i :

As soon as the tunnel drops out of flow, the heater is de-
pressurized through the exhaust valve, care belng taken not to
overload the pebble bed in the downward direction by depressur-
izing too fast. The tunnel valve 1s then closed and the sphere
is pumped down again in preparation for the next run. While
the sphere is belng pumped down, changes in the test cabin can
be made and any instrumentation changes can be accomplished.
About fifteen minutes are required to pump the sphere down to
0.5 mm Hg and then another tunnel run can be made. Three con-
secutlive runs can usually be made in this fashion, with no
recharging of the heater the limiting factors being the wall
temperature of the stilling chamber and the temperature level
of the bed. The maximum temperature limit of the stilling
c¢hamber wall is 500°F; the minimum bed temperature is 2800°R,
since the temperature of the partlally stabilized zirconia
pebbles and insulation might decrease to the lnversion range
of 2000°R to 2700°R, if another run were attempted.

The test section flow conditions at a model are determined
by the stagnation conditions and the nozzle throat size. The
stagnation pressure is controlled and monltored by a set of
Asheroft transmitters and a Taylor recorder and controller,

The accuracy of the pressure system is 1% of full scale. The
stagnation temperature of the stream is difficult to measure

as the temperature is quite high. The bed temperature 1s
measured before and after each run with an optical pyrometer

as noted previously; the temperature of the air as 1t exits
from the bed should be very close to the hed temperature.
However, the air must pass through the 14 ft. long, 3/4" dia-
meter tube in the stilling chamber and the cold aipr injection
flange befor: 1t reaches the nozzle throat, causing energy
losses. In order to determine the temperature loss through

the stilling chamber, a pIatinum - platinum, 13% rhodium bare
wire thermocouple is inserted into the air stream at the end

of the stilling chamber close to the nozzle throat. Measurements
from this thermocouple are used to determine the stagnation
temperature-of the air. As the air passes through the co6ld air
injection flange, a temperature loss of about JOOF was esti-
mated by noting the temperature rise off the cooling water as

1t passes through the cold air injection flange. The stagna-
tion conditions can be measured accurately with the above
technique as long as the total temperature at the end of the
st11ling chamber does.not exceed 3500°R -~ the highest temper-
ature at which a platinum-platinum 13% rhodium thermocouple

can be used. Above 3500¢R, a measurement of the mass flow rate
and stagnation pressure can be used to calculate the stagna-
tion temperature, although this method has not been used 1in this

10
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st section is determined
alibrations of the nozzlgr

The Mach number delivered to the t

test sequence. L g
by the diameter of the nozzle throat.

descriptive remarks of tunnel operation, these calibrations are,;
presented in the followlng section. § '

S \ ;
IIX. PERFORMANCE ‘\
\

HEATER PERFORMANCE
Charge Cycle

Operation of the regenerative heater 1is relatively
complex; many variations in the rates of charge (and discharge)
are possible. The obJject of the charging process is to store
the maximum amount of energy in the bed at the desired temper-
ature. Ideally, the temperature should be constant in the top
sections of the bed. With no inltlal temperature variation,
the heater, upon discharge, would deliver a constant outlet air
temperature until the most downstrz2am portion of the bed has
been cooled by the tunnel air, In practice, temperature gradi-
ents cannot be eliminated in the bed and hence some small tem-
perature drop may be anticipated during a test run.

An indication of the gradients observed in the heater bed
is given in Figure 10. The steps refer to the charge schedule
set up 1In Table 1; the effect of the schedule may be readlly
observed. The idle temperature distribution represents an
energy of 4.75 x 109BTU stored in the bed, the maximum temper-
ature—dTSEFIbution 1is equivalent to 9.69 x 10°BTU. Maximum bed

" “temperature of 42000R 1s reached after 200 minutes of charging;

flame temperature at maximum condition% is 44200R.

It 1¢ observed that the stainless\bteel grate supporting
the pebble bed experiences a rise 1n temperature from 1100CR
to 1700°R during the charge cycle. The latter temperature is
near the maximum allowable for this component. Also of interest
is the maximum temperatures of the magnesia buffer layer and
of the alumina bottom layer, 2600°R and 2450°R, respectively.

Discharge Cycle

The rate of discharge of the energy stored in the bed
is determined by the tunnel mass flow rate, a function of throat
diameter, stagnatlion pressure and stagnation temperature. Of
concern during the discharging process is the temperature drop
that occurs during the test portion of the tunnel run. Figure v
11 shows the temperature variation of the air leaving the still- "
ing chamber during tunnel tests at several mass flow rates. The

‘maximum temperature drop was less than 20°R and is not signifi-

cant as far as most tunnel testing 1s concerned.
11



Through conservatlve operation and proper cholce of test
condltions, 1t 1s possible to obtain several runs for each
charge cycle of the heater. Figure 12 presents the heater dis-
tributions at the end of a typlcal heat up perlod and after
three consecutive tunnel runs. Each run requlres approximately
100 1lbm of alr flow through the bed; this Includes the flow
during the pressurizatlion, tunnel run, and depressurization
processes. Assuming the alr reaches the temperature of the
top of the bed, 75,000 BTU's are extracted from the bed during
each run.

NOZZLE PERFORMANCE

Throat Performance

Two different throat sectlons have been used in the 30"
HWT. The first was made of Beryllium copper, with initially
0,040 inech thick wall and 0.195 lnch dia. at the throat. This
nozzle throat sectlon falled after 83 runs. The fallure allowed
coolling water to pass through the wall into the air stream. In-
spectlon of the sectlion after the fallure showed severe pitting
and general erosion.

The erosion was raused by "dust" plcked up by the air when
passing through the heater and carrled downstream through the
nozzle throat. This "dust" can erode the nozzle throat and,
over a period of time, reduce the tunnel Mach number, and filnally
cause nozzle throat fallure.

After the 83 runs, the nozzle throat was 0.243 inch diameter
with a corresponding change in Mach number of 4.86%.

The second throat sectlon tested was made of nickel plated
zirconlum copper alloy with initlally 0.060 Inch thick wall and
0.293 inch dia. at the throat. Thils throat sectlon 1s still in
operation; after 62 runs, the throat dlameter 1is 0.297 incaes
with a negligible Mach number variation. Thls second throat
has a alower erosion rate, but it is not possible to ftell at
this time whether thls slow rate 1s due to the dlifferent mater-
1lals used for the throat or to the difference in throat dlmen-
sions and test condltlons.

For this facllity, the interchangeable throat sections
serve two purposes: 1) a convenient method with which to vary
the Mach number delivered by the conical nozzle, and 2) an
economical way to handle the eroslon problem characteristic
of pebble bed facllities.

12




Nozzle Mach Number Calibration

A transversing limpact pressure probe was used to ob-
tain nozzle calibration data and a block diagram of the a=2t-up
i1s shown in Figure 13. A varlable reluctance differential
pressure transducer was used as a pressure plck-up and a slide
wire voltage divider as a position pick-up. Both outputs were
recorded on an X-Y plotter to glve a continuous trace. A
typlcal impact pressure trace transversing the stream at nozzle
cxit 1s shown in Filgure 14, All of the data taken had the
demonstrated small variation in impact pressure and thus a
small variation of Mach number. The data presented in Flgures
15 through 20 indicate the Mach number callbrations at three
Reynolds numbers obtalned in both the transverse and axlal
directions for both thrcat sectlons. The maximum Mach number
gradlents are summarized in Table II. The gradients are ex-
pressed 1n percent change of Mach number from centerline value
over an 1nch distance.

TABLE II

Mach Number Gradlents at Nozzle Exit

Nozzle Mach No. Transverse Axlal
No. 2 17 0.6%/1in. 0.5%/in.
No. 1 19 0.3%/in. 0.5%/1n.

From Table II and from the callbration plots, the quality
of the flow delivered by both nozzle throats may be observed to
be good; certalnly the nozzles may be used for meaningful aero-
dynamic tests.

The size of the lsentroplc core can also be estimated from
the calibration. Although the usable test core 1s a function
of Reynolds number and can be expected to vary somevwhat, the
core size of Throat No. 1 1s approximately 19" in diameter; the
isentropic core of Throat No. 2 is slightly greater than 20" in
dlameter. These large reglons of isentropic flow allow relative-
ly large size models to be tested in the very high Mach number
flows delivered by the 30 lnch exlit diameter conical nozzles.

13




Angularity

Flow angularity can be an important parameter in test
programs conducted in the ARL 30" HWT. Consequently an angular-
ity mudel, Flgure 21, was tested wlith the no. 2 throat to deter-
mine flow angularity. This model was a 45° half angle cone with
pressure orlfices opposite each other on the cone surface. A
varlable reluctuance differentlial pressure transducer was used
to determine the pressure difference across the cone oriflces as
a functlon of angle of attack, Preliminary data indlcates Lhe
angularity relative to a horizontal plane at the centerline is
0.10° + 0.03°, Addltional angularlty data are to be obtailned.

Blockage

When planning test programs 1t 1s Ilmportant to know
what size models can be used and keep the wind tunnel in flow.
In order to determine how much the flow could be blocked and
maintain flow, two models were tested at varylng angles of
attack with the No. 1 throat. One model was a blunt flat
plate and the other was a delta wlng; dimenslons of the models
are given in Flgure 22. With the flat plate installed on the
sting support, the tunnel dropped out of flow at angles of
attack of + 16°. With the delta wing mounted the tunnel
dropped out of flow at -30°. DBoth models were Injected after
flow was established in the tunnel.

Stream Propertles

Due to the stagnation temperatures obtalned 1in hyper-
sonic wind tunnels, calorlc imperfectlons become 1lmportant Iin
the determination of the free stream statlc state of the gas.
This 1mperfection is due to the excited vlibratlonal energy
states at temperatures above 1000°R. Corrections to the perfect
gas relations for calorlc imperfections are glven in Reference 7
and these corrections were applied, where applicable, to all
calculations presented 1n thils report.

The high expansion experlenced in hypersonlec wind tunnel
nozzles causes the free stream statlc temperature to become
gquite low. When calculating flow parameters such as Reynolds
number, 1t 1s necessary to know the viscosity of the gas, and
at these temperatures, the well verifled Sutherland's formula
no longer lg applicable. Recgntly, data has been taken in the
temperaturc range of interest®, and this data was used in all
calculations involving viscosity.

Another result of the extremely low stream statlic temper-
atures is the possibllity of liquefylng components of the alr.

14
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In the temperature and pressure ranges $¥ interest, there is no
data on the saturation conditions of air 'and accurate evaluation

of thls condensation phenomena is difficult. Because ol this
absence of information, it has been the practlice of many experie .=
menters to extrapolate the data which exlsts for air at higher N
temperatures and pressures to the lower temperature and pressure. =
ranges (see Appendix C). While this technique undoubtedly has
questionable accuracy and does not specify the points of phase
transitions, 1t is a simple method which appears to be in good
agreement with the data taken on pure oxygen and pure nitrogen

at low temperature. It 1s evident that before an adequate theory
on the condensation of air in hypersonic wind tunnels can be
formulated and the degree of supersaturation predicted,the satur-
ation condiéion of the gas mixture, air, in the appropriate

‘temperature and pressure range must be d2termined.

Due to the short run times, experimental data of conden-
sation effects in the ARL 30" HWT is still incomplete. To
estimate these effects, condensation data of other investigators,
taken from similar hypersonic facilities and summarized in:
Reference U, 1s presented in Figure 23. The range of operating
statlc temperatures and pressures for Nozzle No. 1 and No. 2 1s
indicated on the plot. The data reveals that the ARL 30" HWT
can be operated at levels of "apparent" supersaturation in
excess of 30°R, based on an extrapolation of the air saturation
curve; hence, the information gathered in this initial test
program should be free of the adverse influence of condensation.

It should be noted, however, that the pebble bed air heater
has unique characteristics which might induce condensation prior
to what would be expected using other types of alr heater.

The presence of "dust" can act as a nucleus upon which condensa- :

tion might occur. Consequently, further testing is mandatory :
before a precise determination of the amount of "apparent' super- .
saturation to" :rable in the ARL 30" HWT is obtained. -

DIFFUSER AND AFTERCOOLER PERFORMANCE

Because of the close link between the performance of the
diffuser and of the aftercooler, the pressure recovery of these
two components ~re normally treated together. An efficlent
diffuser has a low stream exit veloclty and therefore a low
entrance velocity for the aftercooler. This low velocity mini-
mizes the pressure losses across the aftercooler and improves
the pressure recovery. High recovery, of course, increases
the run time of a blow down facility and exFends the operating
Reynolds number envelope. §

Because of their importance, diffuser ﬁressures at the drop-
out are monitored and the pressure drop across the Q€tercooler
\
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measured whenever the facllity 1s operated at new test conditions.
Typlcal of the pressure distributions obtained in the dliffuser 1s
that shown in Filgure 2, Most of the pressure recovery may be
observed to occur in the constant area section of the diffuser;

a moderate pressure increase follows in the subsonic, diverging
portion of the diffuser. The diffuser recovery consilstently
approaches 100% of the total pressure behind a normal shock

based on the nozzle exlt Mach number. Thils high efficlency ob-
viously contributes to the low pressure drops noted across the
aftercooler in Figure 25. The 1 mm Hg pressure dlfferential ls
qulte low for a heat exchanger of this capacilty.

The overall pressure recovery, 9§ , defined as

_ total pressure downstream of the aftercooler

n”’total pressure behind the normal shock at diffuser entrance

has been measured at 0.90, + 0.05, for both nozzleg tested when
an ilmpact probe 1s In the stream. When models are placed 1n the
stream (for example, the blockage models discussed previously)
and are not retracted prior to flow breakdown, ® drops to 0.80,
+ 0.05.

A quantitative evaluation of the effect of on run tlmes
is made in Appendix B. Also presented in thils Appendix 1s the
rise in sphere pressure during tunnel operatlon wlth vacuum
numps operating and with no vacuum pumps on the llne. Vacuum
pump operatlion can greatly extend the run time if the flow
rates are low; however, as may be noted in Flgure 26, at high
flow rates only a few seconds can be galned. The pressures
measured during this test were just downstream of the affer-
cooler, hence the pressures are subject to line losses and
pressure drops acrogs two butterfly valves. A drop of 1 mm Hg
between the aftercooler and the sphere would bring the theory
in excellent agreement with experiment.

VACUUM SYSTEM PERFORMANCE

During the initial period of operation of the ARL 30" HWT,
the three-stage vacuum pumping station has performed flawlessly.
Although operated contlnuously for several hourg at pressures
below 10 mm Hg, there have been no overheating or other oper-
ational type problems experienced.

As a single vacuum pump was examlned to establish the
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empirical pumping rate expression, it 1s of- interest to rncte

the performance of the entire thirteen pumps. The evacuation - -=me,
rate of the 35,000 ft3 sphere is shown in Figure 27; the ex- TR
cellent agreement with the formulations of Appendix B 1is

gratifying.  Also of concern is the minimum sphere pressufe

that can be obtalned in a three-stage confliguration. Theoretic-

ally, this minimum pressure is 0.09 mm Hg; experimentally,
pressures Just above 0.10 mm Hg have beeh measured.

These obsermations and those made in the previous section
lend confidence to the analyses made on the run times, the
sphere pressure rise times, and the sphere evacuation rates
that are presented in Appendix B. The predictions of the
tunnel performance with an increased vacuum system can also be -
accepted as realistic.

IV. OPERATIONAL EXPERIENCES

... The 30" HWT has been in operation for approximately nine
months. During this period many problems have developed and
many special procedures have been set up \to cope with these
situations. These special problems and thelr solutions are
discussed in this section.

One of the most demanding characteristics of the 30" HWT 1s
the fact that the pebble bed heater must be kept in continuous
(1dle) operation every hour of the day, day after day. This,
of course, 1s required to keep certain portions of the bed and
insulation above the inversion temperature and thus lengthen
the life of the pebble bed. To keep the heater in continuous
operation mears trouble-free service from water pumps, air
blowers, and power control systems, as well as an elaborate
alarm system to monitor the heater durlng off-duty hours. In
an effort to reduce the possibility of component failures, a
thorough inspection of these items 1s performed dally and
several items are replaced periodically. Two major ltems that
are replaced periodically are the 150 psig water pump and the
burner. The water pump 1s replaced about every six months,
the removed one being reworked while the other 1s installed.
The burner is replaced about once each month, as the water
passages in the burner tend to clog with lime when in use for
an extended period. Without adequate water cooling, the tip
of the burner burns through to the water passage with subse-
quent water leakage lnto the heater.  Two identlcal burners are
avallable, so that when one 1s installed the other can be cleaned
and delimed. Since the water cooling is so important to the
safe operatlon of the heater, an emergency water system takes
over i1f the normal water system pressure drops below 65 psig.
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A phenomenon that is not, as yet, fully understood s the
slowly decreasing height of the pebble bed. The top of the
balls can be observed through the viewport, so a ready refer-:
ence 1s avallable to measure the helght of the pebbles. Over
a perlod of nine months, the top of the bed has dropped a total
of 18 inches (or about two inches per month of continuous
operation). Fourteen inches of pebbles have been added during
this perliod in order to keep. the bed high enough to view through
the viewport. The balls were poured on top of the bed, and are
the partially stabilized zirconla type. There are several poss-.
ible explanations for the apparent disappearance of the pebbles.
Among them are: vaporization (although the boiling point of
the various materials is never reached as far as can be deter-
mined from the measured bed temperature distribution); dusting
of the pebbles, with the dust belng blown down the tunnel or
being packed more closely, thereby taking less volume; erosion
of the insulation surrounding the bed, thus providing a larger
volume for the bed; and possible reactlions of ceramics with one
another. There 1s some dustling of the ceramics since dust
particles have been found in the test cabin and small pit marks
have been found on models that were injected into the air flow.
Additional evidence of dusting and packing 1is the gradually in-
creasing pressure differential across the pebble bed that has
been noted for the same pressurization rﬁ;es. The complete ex-

planation of the decrease in bed height wlll not be known until
the ceramics are removed from the heater and studied carefully.

formation of large amounts of water, and if allowed to condense,
the water wlll soak into the insulation and reduce the life of
the ceramics. This is also a possible source of wEter vapor

An undesirable product of the combusiion process 1s the

that will mix with the desired dry air required fopr a tunnel
test. Figure 40 of Appendix A shows the production, of water

for various ‘nitial mixtures. In an effort to prevent any water
condensation in the heater, all parts of the heater are kept
above 2120F, Thils keeps the water 1in vapor form and most of it
is blown out of the heater. )

- !

Inorder to determine the most effective recharging schedule
for the heater, it 1s desirable to have thermocouples located
directly in the bed at as many different levels as possible,.
Since 35009R 1s about the maximum temperature that thermocouples
will operate contlnuously in an oxidizing atmosphere, the maxi-
mum allowable temperature distribution 1n the bed will determine
the highest level that the thermocouples can be placed. In the
30" HWT heater, thermocouples were installed at the grate, the
two and a half foot high level, and the five foot high level,
The grate and 2-1/2 £t high level thermocouples are chromel-
alumel type and are still operational. Two thermocouples at
the five foot high level were platinum-platinum 13% rhodium
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thermocouples; they both became inoperative after approximately
four months of continuous operation. Platinum-platinum 177
rhodium thermocouples are known to deteriora§2 with use, so it
is imperative that they be installed in such\@ manner that they
can be easily removed and replaced. All thermocouples in the
bed should be designed for rapid replacement, as the ghifting of
the bed and continuous use can cause frequent failure The
five foot level thermocouples in the 30" HWT could not be re-
moved when they falled so the heater has been operated without
them, relying on the experilence gained on the heater while they
were 1n operation.

The grate in-the bottom of the heater presents a special
problem, It 1s made of stainless steel and supports the bed of
pebbles; it therefore can not be heated toithe point where it
begins to lose 1ts strength or else the welght of the pebbles
will cause deformation and eventual failure of the grate. The
temperature limit - 12009F - on the grate 1s the major limiting
factor in adding energy to the bed. It 1s evident that a water
cooled grate 15 necessary for a highly successful Pebble bed
heater and this modification is planned for the 30" HWT heater
when the ceramics have to be replaced.

It appears that 1t 1s possible to operate the heater for
as much as a year before replacing the ceramlics. In some
pebble bed heaters, 1t has been necessary to replace the ceramics
about every six months, but these heaters were allowed to cool
down to ambient conditions frequently and this probably hastened
the failure ef~the ceramlcs. With nine months of operation
*completed, a year of operation is within reach. ,

The stillling chamber has some unique problems assoclated
with 1t, an important one being the temperat re loss of the air
flowing through the stilling chamber from the heater to the
nozzle throat. B3y preheating the stilling chamber, the temper-
ature loss can be kept between L4OOOF to 600°F. Another problem
assoclated with the stilling chamber 1s the inabllity to keep
the inner liner (made of partially stabilized zirconila) above
3000°R at all times. The portion end near the nozzle throat
cycles through the inversion temperature range every day and
thls damages 1t. It has not been necessary to replace this
liner yet, but it surely will be one of the first components
requiring replacement.

The tunnel was originally designed to operate with a shut-
off valve between the stilling chamber and the nozzle throat
where the cold alr inJection system 1s now 1lnstalled. The
tunnel operates very satisfactorily with: the cold alr injection
method, but an operational shut-off valve would allow the heater
~to be pressurized without hot air blowing down the tunnel dur-
"ing the pressurization process, and would allow the heater
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vessel to remaln pressurized between runs. These changes in
procedure wgglg_ggnserve energy stored in the bed and thus,
hotter runs could be made with the same charge in the bed. At
the present time, a shut-off valve 1s not avajlable that will
operate at 3000 psia and 40000R, although there is a hot valve
installed on the 20" HWT of ARF that 1is operat{pg successfully
up to 2000 psia and 2000°R. .

As there 1is no shut-off valve installed between the heater
and the nozzle throat, some method was required to plug the
nozzle during heat up of the bed to keep the combustion gases
out of the test cabin. A copper plug with an O-ring seal on it
was designed to seal the nozzle Just downstream of nozzle throat.
The plug is held in place by & long rod fastened to the end of
the nozzle. The plug is removed Just before a tunnel run when
the test cabin 1s checked. A schematic of the plug 1s shown in
Figure 28. The plug is not water cooled itself, but the nozzle
wall is water cooled in the plug area. No difficulties have
been encountered with the plug, but the seal must be complete
to keep the hot gases from burning the O-ring.

The first nozzle throat installed in the tunnel was affected
a great deal by the flow of high temperature, high pressure air
and possibly by the zirconla dust that blew through it. The
inside diameter of the throat grew as a functlon of accumulated
run time as shown in Figure 29, It failed after 83 runs, the
fallure being detected by leakage of water into the nozzle.
Upon examination, the inslde of the throat appeared to be pitted
in several places, as well as enlarged from 1ts original dimen-
sion, 0.195 to 0.242 inches. Unfortunately the throat section
was twisted into two pleces during disassembly, so 1t was not
posslible to measure the outside dlameter of th& throat section
to determine 1f the whole throat section had expanded rather
than eroded. It ~ppeared, however, that most of the enlarge-
ment was due to erosion. The present throat section has en-
larged from 0.293 to 0.297 inches after approxi@ately 60 tunnel
tests. The present nozzle i1s made of zirconium copper and coated
with nickel with a ceramlc coating on the converging portion of
the throat sectlon. The first nozzle was made of beryllium
copper with no coatings. It appears that the second type throat
section is superior to the first, but more test time is required
before concrete conclusions can:-be drawn. One lmportant factor
that must be taken into consideration 1s the fact that most of .
the tunnel tests on the second throat were.made at approximately
1200 psia and the tunnel tests on the first throat were made at
approximately 2000-psia. The present nozzle will be run at
pressures up to 2000 psia, so the comparison will be at similar

conditions. \
\
The problem of zirconla dust blowing down the tunnel during
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a test 18 not as scvere as might be expected. The most dusting
occurs immedlately after the heater has cooled down completely
and then reheated. The flrst three to five runs followling a
cycle such as this produce a large amount of dust and a model
should not be injected into the alr flow untlil the major dust-
ing subsides, as these dust partlcles can plt steel models.

In all of the various types of heaters for hypersonic wind
tunnels, there are good and bad features of each. This section
was included in the report so that a more accurate comparison
of a typlcal pebble bed heater could bLe made Lo other type
heaters. It is also felt that some of the same Problems and
phenomena encountered in the operation of the 30" HWT willl
appear In similar facllitles, and perhaps thils presentation
will be helpful to the operations of such facilities 1n some
way.

V. OUMMARY

Irn the preceding sectlons, the overall performance of the
ARL 30" HWT has been considered at two Mach numbers. The impor-
tant results of this preliminary operatlon are summarlzed below:

(1) The storage heater operation is now routine.
Temperatures at the top of the bed are main-
talned continually above 2800°R to prolong
the 1llfe of the bed by minimizing the number
of temperature cycles through the lnversion
range of the refractory. Procedures for
monitoring the heater and maintaining the
assoclated equipment have been worked out.

(2) Maximum bed temperatures have been 4200°R,
this limit established by the heating of the
bed supporting grate to a temperature of
1700°R. A water cooled grate 1s contemplated
to remove this 1limit. An excesslve energy
loss through the stilling chamber has pre-
vented alr temperatures above 3000CPR from
being delivered to the nozzle. This prob-
lem 18 being examined, correctlons willl be
applied during the scheduled rebullding of
the heater after one year of operation.

(3) The nozzle has been callbrated using two
of the interchangeable throats. Nomlnal
Mach numbers of 16.5 and 18.5 have been ob-
talned at three Reynolds numbers; small axlial
and transverse gradients have been noted and
reported.
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(4) Other nozzle characteristics, e.g. angularity
and tlockage effects have been examined for the
nozzles. A small angularity of the flow (0.1°)
has been found; relatively large models -- a
flat plate and a delta wing with a 1 foot chord -~
haveobeen tested at moderate angles of attack
+ 25°.

(5) Two problems concerning the character of the
dellvered flow are belng evaluated at this
time. The "dusting" of the pebbles has not
been as severe as anticipated and appears to
be significant only in the very first few
seconds of the test run. Operation of the
tunnel has been in a reglon where other facil-
ities have not detected any llquefaction. In-
vestlgation of condensation of the components
of air is continulng in the ARL 30" HWT.

(6) Diffuser performance has been excellent, re-
covery has heen close to the total pressure
behind a normal shock at the nozzle Mach number.
Similarly, the aftercooler has shown a very
small pregsure drop.

(7) The vacuum system has experienced no problems,
with measured minlmum sphere pressures near
0.1 mm Hg. Rapld evacuation of the sphere
following a tunnel run has been accomplished
wlth ease.

These comments indicate the test program performed to date.
Aerodynamic testing 1s belng Initiliated and further evaluatlon of
the problems pecullar to this type of facllity are continuing.
The appendices which follow deal with the theoretlical perfor-
mance of the installatlonfor use as a test planning guide.
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APPENDIX A

HEATER CHARACTERISTICS

Rechargling Conslderations

Although the determinatlon of the rechargling rate of
the heater 1s complex, some method of estimating the time re-
quired to bring the energy level of the bed up to test condi-
tlons is desirable to allow run schedules and avallable test
time to be accurately planned. A seml-empirical method has
been developed to estimate the time and energy required for
recharging, using some of the experimental data taken during
the operation of the heater. Although an approxlimate technique,
the method does predlct energy level and required time well
enough to be useful In planning tunnel tests.

Since the bed 1s kept at 1ldle conditlons at all times, the
recharging rate will be considered only from the idle condition
to the full charged conditlon. Figure 30 shows the temperature
distribution in the bed for both 1ldle condition and the maximum
deslgn temperature distrlbuflon. The 1dle temperature digtri-
butlon represents 4.75 x 10”2 BTU's stored 1n the bed and the
magimum design temperature distribution represents 10.62 x
10° BTU's stored in the bed.

The recharging rate depends on two major items; the rate
of energy Ilnput to the bed, and the rate of energy loss to the
bed surroundings. In order (o make an approximatve analysis ol
the recharging rate, an assumptlon is made that the rate of
energy 1coss from the bed 1s directly proportional to the
energy stored 1n the bed. The rate of energy loss from the
bed is known at 1dle conditlions since all the heater temper-
atures come to an equilibrium level and when thls occurs, the
rate of energy loss 1s equal to the rate of energy Input. At
idle condltions the rate of energy input 1s 172,000 BTU/Hr and
the rate of energy loss 1lg the same. With thls known value and
the assumption that the rate of energy loss 1s proportional to
the energy stored in the bed, the rate of energy loss for any
temperature distribution can be determlned. The rate of energy
loss at the maximum design temperature distribution 1s equal
to 3.84 x 105 BTU/Hr.

In general, any recharging cycle wlll be almed at obtalning
the maximum deslign temperature distributlion so that the bed will
see all the posslble energy levels between the 1dle condition
and the maximum temperature condition. Now, 1f the temperatures
in the bed are increasing at an approximate linear rate during
the heat up the average value of the energy loss at 1dle and
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the maximum design temperature distribution should give a good
approximation to the total energy loss during the heat up cycle
if the average energy loss rate 1s multiplied by the total heat
up time. The average energy loss rate calculated in thils manner
is 2.78 x 10> BTU/Hr.

For a given energy Input schedule, then, 1t 1s possible to
calculate the energy stored in the bed at any time, or, 1f the
energy Ilnput rate is held constant, it 1s possible to calculate
the time required to recharge the bed to a given energy level.
Since a constant rate of energy input would place too much of a
thermal shock on the bed initially - to reach high bed energy
levels, the constant rate of energy lnput would be very high -
a variable energy input schedule has been used in the 30" HWT
and 1s listed in the table below,

TABLE A-I
Recharging Schedule

Heatling Step Energy Input Rate Time Flame Temp.
1 240,000 BTU/hr. 2/3 hr. LO4O(OR)
2 420,000 BTU/hr. 2/3 hr. 4o4O(°R)
3 480,000 BTU/hr 2/3 hr. L4420(°R)
i 600,000 BIU/hr. 4/3 nr. 4520(°R)

The temperature distrlbutlons in the bed at various times
during, the heat up have been shown previously in Figure 10.
The maxlimum temperature dilstribution reached for this heating
schedule after 200 minutes is glven in Flgure 30 and represents
9.69 x 105 BTU stored in the bed. The analytical method can be
used to calculate the energy level of the bed and a comparison
made between the measured energy levels and the calculated
energy level:

4 4
Ecalculatea = Fidle * E | Finputy At1 - 2.78 x 105i E Oty A-1
or Ecalculated = 11 x 105 BTU
where 1 1s the heatlng step,

Aty is the heatlng time of 1th step
inputy 1is the heating rate of 1ith step.
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This represents a discrepancy of less than 15%, but it
does give an estimate of time and energy levels for use 1n
planning tests for the tunnel. It appears that the average
heat loss rate should be weighted more toward the high energy
levels. This 1s indlcated from the temperature distributions
shown in Figure 10. The rate of increase in energy level de-
creases a8 the maximum value 1s approached using the heating
schedule given in the above table.

Combustion Analysis | &

In order to more fully understand the thermodynamics
of the combustion process of the burner for the 30" HWT,| an
analysls was made in which eleven products of combustioQ\were
considered. This glves a solutlion to the combustion process as
it occurs in the high temperature portion of the pebble bed.
The following equation represents the reactlon considered:

- |
CHy + GOp + XNz = miH + nyOH + n30 + niOp + nsN + ngNO + ngHp +
ngHoO + ngNo + nyoCO + nnc\oe A-2

where the special notation used in the study are listed at the
end of this Appendix for convenlence. The solution assumed
chemical equilibrium, a pressure of one atmosphere, and an
initial temperature of 520°R for the reactants.

For the general combustion process described by the relation

n m
2 0 Aj —— 2' biBk

» ‘l’l’/l- ) kg A-3
| \
the flame temperature can be found by equating\\\
m T 0 520 0 | Al
Ei bk [(Hak = Hgk) - (Hau""au)] = |

m o. n °
-|;‘r§:l b (Hg) - 2 aj(AHg, )]
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An iterative solutlon ls necessary, the lterations carried out
until both sides of Eq. A-4 are equal. a

The equation A-4 1s such that if the assumed value of Te is
greater than the actual T,, the right hand side of the equation
will be ‘greater than the left.

The Heats of Formation used for the various gases involved
in the analysis are shown in the following table.

b

TABLE A-II 1 .

Heats of Formation \
Gas Aﬁgr(kcal/mole) Gas AH? (kcal/mole)
CHy -17.889 N 112.75
02 - NO .~ 21.60 .
H 52.089 Ho0 -57.7979
OH 10.06 co T -26.416 |
0 ——59.159 COp -9k, 052 “

\

The air model used for these calculations was argon free
air, and its composition compared with actual air is:

Alp Air Model
Component Concentration Component Concentration
(moles/mole of air) (moles/mole of air)

No 0.7809 No 0.7905
0o 0.2095 0o 0.2095
AR 0.0093 ———
COo 0. 000 -
Molecular Wt = 28.966 Molecular Wt‘§ 28.850

N

AN
AN
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The assumptlon of argon free air should have no serious effect
on the results, as the oxygen content 18 1ldentical in both cases.

In addition to the flame temperature, the thermodynamics
program tabulated the molecular welght of the initlal mixture
and the concentrations of the products of combustion. The
concentrations are presented in terms of moles of the product
per mole of methane initially entering the reaction, enabling
comparison of the quantity of the product produced per unit
heating rate. Thils 1s a more realistic parametler lor heater
operatlon than the conventlonal concentration In moles per mole
of 1nitial mixture.

The quantitles of oxygen and nitrogen per mole of methane
were used as 1nput to the thermodynamic program. The varlous

comblnatlons of methane, oxygen, and nitrogen mixtures are
shown in the followlng table.

TABLE A-IIT

Combinations of Oxygen and Nitrogen

=2 G=2.1 G=2.2 G=2.3 G

il

2.0 G =2.5 G=26 G=2.7

X X X X X X X X
7.5 7.9 8.2 8.6 9.0 10.5 12.0 13.5
7.0 7.5 7.5 8.0 8.5 9.0 10.0 12.0
6.5 7.0 7.0 7.5 8.0 8.0 8.0 10.0
6,0 6.5 6.5 7.0 7.0 7.0 7.0 8.0
5.5 6.0 6.0 6.0 6.0 6.0 6.0 6.0
5.0 5.0 5,0 5.0 5.0 5.0 5,0 5.0
h,o 4.0 4o 4.0 b0 h,0 Lo 4o
3.0 3,0 3.0 3.0 3.0 3.0 3.0 3.0
2,0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

The values o' G range from a stolcmetric mlxture to thirty five
percent excess oxygen; the values of X range from an Alr-Methane
mlixture at the maximum value of X to a one to one ratio of niltro-
gen to methane.

The results of the calculations are shown in Figures 31

to 43 with Flame Temperature, Molecular Weight, and SPFR(1)
plotted versus the various comblnations of initial reactants.
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The thermodynamlc program used in these calculations was
originally sct up by the Propulslon Laboratory, Aeronautical
Systems Division, Wright-Patterson Air Force Base. The pro-
gram was modifled slightly to accommodate the alr-oxygen-methane
mixture utilized in the 30" HWT Heater System. The authors
wish to express appreclation to the Computer Secticn of the
Aeronautlcal Systems Division of Wright-Patterson Alr Force Base
In runnlng this program.

Notatlons

aj
by

ny
Ay
By

G

AHP

-moles Jth substance in initial reactants

-moles of 1th substance in products of com-
bustion

-mole number of 1th product
-Jth substance 1n inltlal reactants
-1th product of combustion

-moles of oxygen In inltial reactants per
mole of fuel in the initlal reactants

~heat of formatlon

HTi—HO -enthalpy difference from absolute zero to

Tp
X

T1
-Tlame temperature

-moles of nltrogen in 1nitial reactants per
mole of fuel in the 1nitlal reactants

SFFR(1)-specific fuel ratio - moles of ith product

Subscripts
1

of combustion per mole of fuel (methane) in
initial reactants

Atomic Hydrogen (H)
Hydroxyl Radical {OH)
Atomic Oxygen (0)
Molecular Oxygen (0p)
Atomic Nitrogen (N)
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10
11

Nitrlie Oxide (NO)
Molecular Hydrogen (Hy)
Water (Ho0)

Molecular Nitrogen No
Carbon Monoxide (CO)
Carbon Dloxide (COp)
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APPENDIX B

WIND TUNNEL OPERATING CHARACTERISTICS

Mass PFlow Rate

Of prime importance in the deslgn and operatlon of a
wind tunnel 1ls the mass flow rate. Thils parameter determines
the energy requlred to heat the alr, the volume flow rate that
must be accepted by the vacuum pumplng system, and the time re-
qulred to f1ll a vacuum sphere to the flow drop-out pressure.
The mass flow rate, in slugs/sec and in terms of stagnation
conditions and nozzle throat area 1s glven below:

*
. _ Do A

- 60.5/To

In Figure (44), the mass flow rate divided by the throat area,
1s presented for the stagnation conditions in the range of inter-
est of the ARL 30" HWT.

The mass flow rates may be noted to range from about 0.003
to 0.067 slugs/sec.

Vacuum System

The vacuum pumplng capabilillity of a hypersonle Ilnstall-
atlon 18 also of concern. The volume flow whlch may be handled
by the avallable pumps determines whether operation of the wind
tunnel will be continuous or blow downj; the flow rate wlll also
establish the rate of evacuatlon of the vacuum sphere., Minimum
sphere pressure 1s llkewlse a functlon of the pumping system.

In order to conduct an analytic evaluation of the several
possible pumplng comblnations, the pumplng characteristics of
each pump mugt be known. The ARL facllity uses Allls-Chalmers,
sliding vane pumps of two slzes, types 27D and 12S. Empirilcal
relations which flts the pumpling curves of these two types of
pumps are

P £t3

- B-2

type 27D V = 3150 - 157 Py in
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3
type 128 V = 1044 . 52,2 22 ft

—_— B-
Py min 3

With these characteristlcs 1t 1s posslble to set up general
expresslons for the pumping statlon 1n any particular configur-
ation i.e., all pumps In one state; n1 pumps in fthe filrst stage
and np pumps In the second; nl pumps in the first stage, np In
the second and na in the thlrd, ete. For example, a two stage
vacuum pumplng séation of type 27D pumps would have a pumping
characteristic glven by

Pa
_ np (63,200 - 157 Py ) ft3 "
v o= T+ 20,05 12 win B-

ny

where P, 1s the atmospheric pressure and P 18 the 1inlet press-
ure,

This expresslon has been obtalned by assumlng continulty
of flow through the stages and an Interstage heat exchanger to
maintain a constant temperature Iinto both stages. Simllarly,
although somewhat more algebralce manipulatlon is involved, the
pumpling characteristics of a three stage system may be deter-
mined.

= B
Vo= € - o5 B-5

4g4 ,600n7 2 56

where C = 3150~ ug&,600n23

3150n3 + 157np

3150ns + 157n7 -

1573 ny np Pp
(3150np + 157n1) (157np + 3150n3)-494,600n,=

and B =
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The original 12 type 27D pumps at ARL were arranged in a
two-stage configuration and performed as anticipated from Eq.
B-4. The minimum sphere pressure predicted where V = 0, 1.9
mm Hg, was verified by experiment. As lower sphere pressures
were deslred, a three stage system was assembled with one of
the smaller type 128 pumps 1n the third stage. With the intro-
ductlon of the smaller pump characteristic described by Eg. B-3,
the volume flow rate, Fq. B-5 has slightly different values for
the parameters B and C:

1,267,000 ninpPp

B (3150n5 + 157n3) (157no + 10&4n3)-494,600n22 B-7a
494600n, =
C = 3150n] - B-6a
4ol ,600n5°

3150n2 + 157ny - TNz + 157np

Figure (45) presents the pumping rate of several combin-
atlons of pumps in various staglngs. The nomenclature 10-2-1g
refers to a three stage operation with ten pumps in the first
stage, two In the second and the small type 12S pump in the
third. The advantages of staglng are clearly shown 1ln the
figure by notlng the minlmum pressures theoretically obtainable,
38 mm Hg for the single stage, 1.9 mm Hg for the two stage, and
0.1 mm Hg for the three stage conflguration., As the laboratory
wlll soon obtaln twelve additional Allls Chalmers type 27D
pumps, several comblnations of twenty-four of these pumps are
shown,

Evacuation Rate of Spheres

Once the volume flow pumplng capablllity of the vacuum
system 1s known, the time to pump the sphere down to any desired
pressure ls obtalned easily. The mass of alr 1n the sphere at
any time t 18

= pv slugs B-8
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Depending upon the pumplng capablility of the vacuum system,
this mass may be reduced at the rate

m = pV ='§T vV  slugs/sec B-9

where V is the pumping rate in ft3/sec obtained from Eq. B-5.
Assuming an 1sothermal evacuation, the time rate of change of
mass in the sphere may be written

¥, 4E slugs/sec B-10

m =R at

where v is the veolume of the sphere in questlion. Hence, equat-
ing equations B-9 and B-10 after introducing B-5 determlnes the
differentlal equation which must be solved

_4ar  _ % dt B-11

B-12

This general expressio% has been used to find the evacu-
ation rate of the 35,000 £t3 sphere and of the comblned 135,000
£t2 volume of the two spheres for several arrangements of the
avallable vacuum pumps, Figures (46), (47) and (48).
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Run Times

In an intermittent facility such as the ARL 30" HWT,
the duratlion of the test 1s determined by the time required for
the asphere pressure to rise to a level which 1s not suffilclent
to maintain lsentropic flow. The sphere pressure rise wlth
time, subject to a constant mass flow input, must first be
determined.

Assuming an adiabatic sphere filling process, the flrst
law of thermodynamics may be wrltten

8 E=08W B-13

where 0 E 1s the internal energy change within the sphere 6 W
1s the work done by the added mass. The change 1in energy may
be represented by

8E = E - Ey = me,T - mye,Ty B-1k4

vhere a constant speciflec heat 1s assumed and the subscript 1
refers to the initial sphere conditlons. Introducing the per-
fect gag relation Into the expresslon for the mass 1n the sphere
glves

E - E{f = — [P - Pﬂ B-15

The work done by the added mass may be expressed as
W = hmt = CpTy mt B-16

where any changes in kinetlc and potential energy have been ne-
glected and the enthalpy, h, has been evaluated at the temper-
ature of the flow entering the sphere, TH, establlshed by the
aftercooler downstream of the wind tunnel diffuser,
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Making the above substitutlons into Egq. B-13, and re-
arranging, one obtalns the time required for the sphere to
reach any pressure, P, above Pj:

v

= -—.—Eﬁ————— [P - P'l] seconds B-17
ym

The run time of the faclillity willl be a functlion of the
diffuser recovery efficliency, 9 , as this component determines
the required pressure to maintaln isentropic nozzle flow. A
convenlent diffuser performance parameter 1s the normal shock

pressure ratio, PtQ/Po, hence by deflnlng the recovery efficilency
as

n = total presgssure downstream of aftercooler B-18
total pressure at entrance to diffuser

the pressure at drop out may bec expressed as

Ptg
P= 7 Ty Po B-19

Inserting Eq. B-19 into B-17, the time to arrive at the termin-
atlng pressure 1is

v Py Ptn Pi]
cewme 7w Eo

By Introducing the mass flow rate, Eq. B-1, In terms of the

stagnation conditlons, a convenlent run time expression is
obtained:
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~ 60.5 v/To [ Pt5 ) fi] _—
P0

© YA*RTy Po

The run time for a particular facility 1s therefore determined
by the stagnation conditions, To and Pg, by the recovery effi-
ciency“% » and by the Mach number through the normal shock re-
lation Pts/Po. Figures (49) through (52) indicate the run times
expected %rom four nozzle throats delivering Mach numbers of

16, 18, 20 and 22, as a function of stagnation temperature.

The two sphere volumes are lndicated and the recovery efflclency
1s used as a parameter. Of interest in these figures 1s the
effect of excitation of the vibrational energy modes in the
£luld, as indicated by the difference between the perfect gas
run times and the thermally perfect gas times. Reduction in

run times of about 25% are indicated for the thermally perfect
analysils. This reduction 1s caused by the impact pressure, Pio,
being reduced for a piven M and Po due to vibrational excitation;
thereby decreasing the dropout pressure and shortening the tlme
to reach this terminating pressure.

Extended Running

The possibility exlsts that the run time of the
facllity may be increased by operation of the vacuum pumps dur-
ing the sphere f11lling process. By accepting an increasing
portion of the mass dellvered by the tunnel, the vacuum pumps
reduce the rise time of the sphere pressure, extendlng the dur-
ation of the test. The formulatlion of the problem to determine
the actual increase iIn time will now be made.

The mass entering the sphere, m, is the difference between
the mass dellvered by the tunnel mg and the mass accepted by the
pumps, mp.

. ’ . "1
Hence m =mg - mp gg%gg B-22

Equation B-5 may be put 1n terms of the mass flow rate by multi-
plying by the density of the fluid entering the pumps; making
this substitutilion

B-23
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The time for the sphere to rise to a certaln pressure 1ls then
determined as 1n the previous section:

& = v P~ Pt ]

— B-24
mo + Ry (B - CP)

Here 1t is noted that the temperature T in the bhracket 1s the
sphere air temperature which will increase as the pressure in-
creases accordlng to the adlabatlc relation:

o o]

Ty

Figures (53a) to (%3d) present Eq. B-24 applied to the two
different pumping systems and the two sphere volumes. Assumlng
sphere pressure when the tunnel drops out of flow is of the
order of 15 mm Hg, 1t may be observed that the lower mass flow
rates experlence sizable extensions in the run time when the
pumps are operated, while the high mass flow rates are not ex-
tended significantly. Therefore, for selected test conditions,

pump operations during the test will produce deslrable lengthen-
Ing of test duration.
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APPENDIX C

STREAM CHARACTERISTICS

Alr Saturatlion Conditlons

In a previous sectlion on condensation, a technique
was considered to predict saturation conditlons for the gas
mixture, alr. Thls technique 1s complicated and requlres
that the saturation conditions for alr in some temperature
and pressure range plus the speciflec volume of both the vapor
and liquld phases 1n the same temperature range be known., At
this point it 1s interegting to note that there are two vapor
pressure curves Tor alrY. One is for the saturated liquid
(bubble point), and the other is for the saturated vapor (dew
point). The saturated vapor curve is the one of importance
for the problem of onset of condensation of alr in wind
tunnels.

The data presented 1n Reference 9 for the vapor pressure
curve of alr must be extended to the temperature and pressure
range which corresponds to the range of operation of the
hypersonic wind tunnel in question. To do this the Clapeyron
egquatlion,

daP Allyg oo
dT T(Vyap -V11q)
is8 uged. Thils equation with the assumption that

Vyap - V1ig = Vvap c-2

and that the gas in questlon 1s a thermally perfect one, re-
duces to the Clausius - Clapeyron equatilon.

aT R T2 C-3
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These two assumptions are reasonable for air in the temperature -
pressurg_fgggg’ﬂbich exists in hypersonic wind tunnels. )

The Clausius-Clapeyron equation yilelds

A\
\
P T
dP 1 AH
dP 1 p MHyap i
P RITE‘ c-4
Pres Tref

If the temperature range 1s small, the assumption that the heat
of vaporization, AHygp = constant 1s justifiable and this is
often used at this pognt However, if the temperature range is

. large, as d»=thig problem, the heat of vaporization must be con-
81dered a function of temperature if any degree of accuracy is
to be obtained. This variation of AHvap with temperature is
given by \

\;

T
|
(Mvap)y = (AHyaplrper + [ (epy ;- epyyq) oT
Tref
C-
. 5
= (AHVap)Tref + Ava,ldT
Tper

At this point another simplifying assumption 1s possible,
i.e., ACpy 7 = constant. Thils assumption 1s justifilable if the
temperaturéd range is sufficiently far away from the critical
. temperature.

- From values of AHygp for air given in Reference 9 it can be
observed that at temperagures below 160°R MHygap approaches a
linear function of temperature. Again it shougd be noted that
the values given are for the saturated liquid and thus should
not be used in this analysis. However, if the AHysp for air
calculated along the saturated vapor curve using the Clapeyron
equation and data in the same reference for Vygp, Viigs P and T

- are used to graphically determine dP/dT, it gound %hat the
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trend 1is similar and AHyap becomes a linear function of temper-
ature at temperatures below 150°R. Thus, if T and Tper < 150°7R,

T
(MHyap)r = (OHyap)Tper + Acp [ aT
Tref
Cc-6
= (Aﬁvap)Tref + A°pv,1(T - Tref)
and from the Clausius - Clapeyron equation
N P (MHyap)Tper = Acpy,1 Tref [1 1]+ Acp in T
n = mo T omjt = L
Ppef R Tprer T R Tpef
0 c-7

technique discussed above. No conslderatlon of phase transition
1s attempted by thls technique. The figure al shows an empir-
ically derived expression for the amount of supersaturation
which can be expected in hypersonic wind tunnelr.

Figure 54 shows the saturation conditions&zredicted by the

Viscoslty of Air at Low Temperatures X

Two of the important similarity paramé%ers used 1in
aerodynamic testing, Reynolds number and Prandtl number,| require
knowledge of the viscosity of the test fluld. In hypersonic
facilities such as the ARL 30" HWT, the free stream temperature
may be so low that experimental measurements of the viscosity
(and, indeed most ~ther gas properties) have not yet been per-
formed for air in the appropriate temperature and pressure i
range. When thils-occurs, some analytic or empirical technique'
must be used to determine a quantitative value for the viscosity.

\
A viscosity—temgerature relation applicable in the temper-
ature range from 180°R to 3400C0R is Sutherland's formula given

in Reference 7.

3/2
T -8 slugs
= 2,2 e c-8
K * T+ 198.6 © resec
—— 5

/{/'"
/4‘



Some experimenters simply use a straight llne extrapolation
from thls expression at 200°R to establish a viscdosity curve.
Other experimenters use the gromley-Wilkelo curvé shown in
Figure 55. The latest study® of alr viscesity at\ low temper-

atures uses experimental data found in the temperature range
of 93°R to 198°R to modify Eq. C~8 to have the form: \

3/2
_ T -8 -- Slues
o= 2,211 ——-———‘—T T 178.¢ x 10 ’ft—s'e% Cc-9 |
- i
\

This relation is also indicated in Figuré\55. As this
formula is based on experimental work near the range of inter-
est, and as it uses the famlliar Sutherland form, Eq. C-9 was
used for all calculations 1n thls report.

Free Stream Reynolds Number

The Reynolds number of the free stream 1s of interest
in almost all aerodynamic tests; hence Figure 56 offers a con-
venlent plot of the Reynolds number per foot for a stagnation
pressure of 1 psia. Used 1In the calculations are the viscosity
curve described in the preceding section, Egq. C-9, and the
corrections required for a thermally perfect gas, as presented
in Reference Z,——""""

§\
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FIGURE 3 - MACH NUMBER AND REYNOLDS NUMBER SIMU-
LATION OF THE ARL 30" HWT
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FIGURE 9 — THE BURNER CONTROL PANEL
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